Abstract-Significant power loss has been observed in photovoltaic (PV) modules resulting from high voltage bias experienced in the field. This type of failure has been called potential-induced degradation (PID). Encapsulant materials provide protection and electrical isolation of the solar components in PV modules. Several researchers have shown that the type of encapsulant can directly affect the severity of the PID. Ionomers, in particular, were amongst the first encapsulants identified as having the ability to prevent this degradation mechanism. In this study, we introduce an ionomer/EVA bilayer encapsulant to the module to determine the effect of ionomer on PID and sodium ion migration in minimodules. We determined that the encapsulant's volume resistivity is temperature independent with the presence of ionomer. Results confirm that the module's volume resistivity at elevated temperature inversely correlates with leakage current and that ion enrichment at the cell/encapsulant interface correlates with power degradation of a PV module. The rate of sodium ion migration to the cell was also investigated. An analytical method was refined for this application using laser ablation and mass spectrometry to observe the sodium migration within the module. Sodium ion profiles were obtained by elemental mapping of the encapsulant and solar cell cross section after the module had been exposed to a simulated PID test. Results show that sodium ion accumulation at the encapsulant/solar cell region increases linearly with PID testing time when only EVA encapsulant is used and is significantly different when an ionomer/EVA encapsulant is used in the module.
I. INTRODUCTION

P
OTENTIAL induced degradation (PID) has been observed in some photovoltaic arrays comprised of p-type crystalline silicon modules [1] - [3] . The modules with high negative voltage potential are especially susceptible to PID when the glass of the module becomes wet and conductive [4] . The positive charge from the grounded module frame can move along the glass surface through the soda-lime glass and encapsulant to the solar cell. Ionic species in the glass migrate through the encapsulant and accumulate at the SiN layer of cell surface [5] . Alternative encapsulants to EVA, such as ionomer, can play an important role in the mitigation of the power loss due to PID. In this study, we have determined that the presence of a thin film of ionomer in the module mitigates the PID effect on the solar cell. 
II. EXPERIMENTAL PROCEDURE
A laboratory apparatus has been built to test one-solar cell, four-solar cell minimodules, and commercial-scale modules. The solar cells in this study were standard cells that had not been specifically optimized to prevent PID. The minimodules were made in a commercial-scale vacuum laminator (Icolam Model 2515, NPC-Meier GMBH, Bocholt, Germany), and junction boxes were attached to the module. The PID conditions for the modules tested were at 60C/85%RH and at 85C/85%RH for 96 h or longer in an environmental chamber (Thermotron Model SE-3000-4, Thermotron Industries, Holland, MI, USA) under negative 1000 V bias. At 60C/85%RH condition, the modules were wrapped with aluminum foil to ensure repeatable results with the goal of grounding the entire module face. The foil was pressed against the glass to provide good contact.
The influence of encapsulant composition and structure on the minimodules was investigated under PID conditions in a previous study [6] . The encapsulants tested were commercially formulated EVA (polyethylene covinyl acetate) and thin ionomer film (partially neutralized polyethylene comethacrylic acid) which was used in conjunction with the EVA encapsulant. In this study, the ionomer was placed between the glass and front EVA encapsulant.
The volume resistivity of four different encapsulants (Std. EVA, PID-resistant EVA, ionomer/Std EVA bilayer, and ionomer) was measured with a Keithley electrometer (model 6517A) and resistivity mount (model 8009) (Keithley Instruments, Cleveland, OH, USA) using an ASTM D257 method allowing samples to equilibrate for 24 h prior to measurements as a function of temperature. For high temperature measurements (>50 C), the resistivity mount was placed in an oven (Lindberg/BlueM Electric model # MO142OTS4, Watertown, WI, USA) for at least 8 h to equilibrate samples at 50%RH.
Elemental mapping of the encapsulant following a simulated PID exposure was determined using Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS). In this study, an 8-μm-diameter laser beam (ESI NWR213, Portland, OR, USA) was focused and continually scanned across a cross section of the module, generating an aerosol of fine solid particles from the top ∼20 μm of the sample surface. The particles were continuously introduced into a high-temperature Argon plasma, which served as a hard ionization source. The resulting singly charged elemental ions were then analyzed by a mass spectrometer (Agilent 7700 ICP-MS; Santa Clara, CA, USA) with detection limits that are element and matrix specific extending to subppm levels. Further details of this method are described by Stika et al. [7] . 
III. EXPERIMENTAL RESULTS AND DISCUSSION
The performance of one-cell minimodules in this study was characterized with a solar simulator (Spire SPI-SUN Simulator 4600SLP, Spire Group LLC, Ridgefield, CT, USA). The instrument utilizes a light source with class "A" spectral output. This illumination is referred to as AM1.5 global. The details of this classification are delineated in ASTM G-173 and ASTM E1036 standard used for test sample temperature correction. The instrument is calibrated by the manufacturer on annual basis.
The modules were wrapped in aluminum foil and then exposed to an environment of negative 1000 V and 60C/85%RH. Foil provides a way to ensure a solid glass-aluminum frame contact without the need for a layer of water on the glass while in the environmental chamber. The results were repeatable with foil covering the glass of the module, as shown in Table I . Power dropped significantly below 11% of initial power after 24 h in the environmental chamber.
Power loss as a function of PID testing time for modules constructed with different front side encapsulant compositions and structure is shown in Fig. 1 .
Modules comprised of an ionomer film retain 99% of initial power after 500 h of simulated PID exposure. It is also interesting to note that no loss of power was observed for ionomer films of both 50-μm (ionomer/EVA bilayer front side encapsulant) and 400-μm film thicknesses. In contrast, modules encapsulated with standard commercial EVA lose almost all power after 24 h of the PID test. The relative power of a commercial PIDresistant EVA encapsulant drops to 73% after 96 h of exposure and 10% after 192 h of exposure. This drop in power in the EVA-based modules is due to the reduction in fill factor after PID exposure and is evident in Fig. 2 .
A PID test under damp heat conditions (85C/85%RH) without foil was performed at 96 and 192 h. Results of the relative power measurements are shown in Fig. 3 and show that an ionomer/Std EVA bilayer is resistant to PID, retaining 98.5% of its power, while the PID-resistant EVA drops to 11.5% of its power after 192 h of the PID stress test.
A. Volume Resistivity
Volume resistivity is the resistance to leakage current through the body of an insulating encapsulant, glass, and conductive frame. Higher volume resistivity results in a lower leakage current and a less conductive encapsulant material. The leakage current of a one-cell minimodule was measured during the simulated PID exposure in the environmental chamber. The leakage current of 450-μm EVA film is approximately ten times greater than that of the 50-μm Ionomer-1 film with EVA bilayer used in this study (see Fig. 4 ). The difference in chemical structure between ionomer-1 and ionomer-2 also appears to affect the leakage current. Thus, selection of the ionomer composition is critical to long term PID resistance [6] .
The volume resistivities of EVA and ionomer were also measured and compared. The volume resistivities of commercially available standard and PID-resistant EVA drop steadily with increasing temperature. The volume resistivities of ionomer and the ionomer/EVA bilayer, however, were independent of temperature (see Fig. 5 ). The bulk conductivity of the ionomer and bilayer (the inverse of volume resistivity) is constant, and therefore, ion mobility is independent of temperature for the range (23-75 C) in this study.
The EVA encapsulant conductivity is exponentially dependent on the temperature. Conductivity and thus ion mobility, through the EVA increase exponentially with temperature. The data in Fig. 6 can be fit with an Arrhenius equation, and the activation energy (E a ) can be determined.
The E a is 0.75 and 0.6 eV for the standard EVA and PIDresistant EVA, respectively. The reported bulk conductivity re- sult for standard EVA is consistent with previously measured values reported by Mon et al. [8] .
Thus, ion mobility increases significantly with temperature in EVA modules, while ion mobility is unchanged in the bilayer modules containing ionomer. Therefore, volume resistivity of encapsulant measured at ambient conditions is insufficient; the volume resistivity must be measured at typical operating temperatures of the modules to be of relevance. In addition, further research is needed to understand why the chemical structures of two different ethylene copolymers have vastly different electrical properties. A possible theory is the ionic structure of the ionomer provides a barrier to sodium migration in an electric field.
B. Sodium Ion Profiles
Sodium ion migration from the antireflective coating into the solar cell has been observed after PID testing and reported in the literature [5] , [9] , [10] . We focused our investigation on the migration of sodium ions from the glass into the encapsulant and solar cell. LA-ICP-MS was used to obtain the sodium ion profile data in the module.
At the encapsulant and solar cell region, sodium ion accumulation near the interface is observed. A significantly higher concentration of sodium accumulation is seen with the standard EVA module when compared with modules made with the Ionomer/EVA bilayer (see Fig. 7 ). Quantification of the sodium ion level is currently in progress.
Line scans of the carbon and sodium profiles of the EVAsolar cell cross section using LA-ICP-MS, recorded at multiple locations across a 2-3 cm length along the encapsulants/cell interface, are shown in Fig. 8(a) and (b) . The carbon profile delineates the location of EVA and solar cell interface since EVA contains carbon while the solar cell does not. The corresponding line scans of the sodium ion profile indicate that there is little to no sodium enrichment near the interface initially.
Line scans of sodium ion were then taken after 400 h of PID exposure [see Fig. 8(c) ]. The sodium ions increase significantly Similarly, line scans were taken of the ionomer/EVA bilayer module. Fig. 9(a) shows the initial sodium profiles, while Fig. 9(b) shows the sodium ion profiles of the bilayer cross section after 425 h of PID exposure. No statistically significant difference in sodium ion accumulation was observed.
Integration of the sodium ion peak areas was performed to quantify the sodium ion enrichment on a relative scale. A plot of the integrated sodium ion peaks from the line scan data at different exposure times can be found in Fig. 10 . This graph shows a significant linear accumulation of sodium near the surface of the cell for the EVA-only module as a function of PID testing time.
The sodium ions accumulate at a much slower rate with the ionomer/EVA bilayer module. This is due to the low conductivity of the ionomer and the presence of ion clusters within the ionomer that inhibit ion diffusion [11] . Thus, the ionomer provides a barrier to sodium mobility into the EVA layer and thereby protects the solar cell from PID.
It is also interesting to note that some sodium ions appear to be present in the EVA and solar cell interface areas prior to PID testing. Further research is needed to convert the sodium ion signal to a concentration and to establish to sodium ion detection limit.
IV. SUMMARY
Potential-induced degradation in a module can be prevented by modifying the front encapsulant such that the sodium ion migration rate is significantly reduced, and the volume resistivity is increased. The high volume resistivity of the ionomer especially at elevated temperatures has a direct effect on lowering the module's leakage current. Volume resistivity of ionomer also is independent of temperature while both EVAs are temperature dependent and follow an Arrhenius equation. The EVA volume resistivity drops approximately two orders of magnitude from 23 to 75 C. Thus, modules made with EVA could be susceptible to PID in very warm and humid climates. Further research is needed to understand why the chemical structures of these ethylene copolymers (partially neutralized ethylene methacrylic acid copolymer and ethylene vinyl acetate copolymer) have such different electrical insulation properties with respect to ambient and elevated temperatures.
In addition, we have gained insight into the migration rate of sodium from the glass to the solar cell surface by mapping the sodium ion profiles through the encapsulant using LA-ICP-MS. This is a novel application of the LA-ICP-MS technique. Using this methodology, we have observed sodium ion accumulation at the encapsulant/cell interface region that increases linearly with PID testing time in an EVA-only module. In the ionomer/EVA bilayer module, little to no sodium ion accumulation is observed after 425 h of PID stress testing. Further work is in progress to obtain a quantitative measurement of the sodium ion buildup.
